Summary. The present study examines the question of whether lowering the basal plasma glucagon concentration alters the response of the liver to an intravenous glucose load under conditions where insulin is present at near-basal concentrations. Acute hyperglycaemia of 220-240 mg/dl was induced by peripheral venous glucose infusion in two groups of normal men who had undergone hepatic vein catheterization. Somatostatin (0.9 mg/h) was infused in both groups together with an infusion of insulin (0.15 mU/kg/min) to maintain arterial insulin levels at 7-12 ~tU/ml. Glucagon (1.5ng/kg/min) was infused in one group resulting in a rise in plasma glucagon levels from 148 _+ 37 to 228 + 25 pg/ml, thus mimicking basal portal glucagon concentrations, whereas in the second group glucagon was not replaced, resulting in a fall in circulating glucagon levels from 132 + 21 to 74 _+ 15 pg/ml. In the glucagon-deprived group, net splanchnic glucose production (NSGP) fell from 143 + 31 to -72.5 + 39 rag/ rain (p < 0.01), indicating that net splanchnic glucose uptake had occurred. By contrast, NSGP did not change significantly (137 +_ 20 vs 151 + 60 rag/rain) in the group in which both insulin and glucagon were replaced during hyperglycaemia. These data thus suggest that during hyperglycaemia, when the insulin concentration is fixed at basal levels, glucagon may play an important role in determining whether or not the liver diminishes its output of glucose and stores glucose in response to a glucose load.
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Whether somatostatin administration improves plasma glucose control in insulin-requiring diabetics by suppressing circulating glucagon or only by delaying intestinal glucose absorption is contraversial [1] [2] [3] . Since glucagon has been shown to play a major role in the maintenance of hepatic glucose production [4] and yet to be virtually devoid of effects on peripheral glucose metabolism [5] , any beneficial lowering of postprandial glucose excursions in diabetics attributable to suppression of plasma glucagon levels would most likely be mediated in the liver. Thus, lowering the circulating glucagon level would alter the ability of the liver to handle an incoming glucose load. The present study was designed to investigate this hypothesis.
Methods
Eleven healthy, non-obese men between the ages of 18-44 years were studied. None of these subjects were receiving any medication. All were within 10% of ideal body weight and mean body weight was 71.5 kg. Studies began between 12 noon and 2p.m. after a 12-14 h fast. The subjects were all placed on a 200 g carbohydrate diet for 3 days prior to study. The protocol for this study was reviewed and approved by the Vanderbilt University Committee for the Protection of Human Subjects. The nature, purpose, and possible risks of the procedure were fully explained to each subject before obtaining his voluntary consent.
Hepatic venous and brachial artery catheterizations were performed in all subjects as previously described [6] . After a 30 minute basal period, three types of perturbation were induced. In Protocol I four subjects received somatostatin (0.9 mg/h) and insulin (0.15 ~tU/kg/min) via a peripheral vein for 2 h. In Protocol II, three additional subjects received somatostatin and insulin as in Protocol I, and in addition were infused with glucagon (1.5 ng/kg/ rain). In both groups the plasma glucose concentration was raised to 220-240mg/dl simultaneous with the hormone infusions. Hyperglycaemia was maintained by a variable glucose infusion using the glucose clamp technique of Andres et al. [7] . Thus, hyperglycaemia and low levels of insulin were maintained in both 0012-186X/79/0017/0139/$01.00 The effects of infusions of somatostatin and insulin on the arterial plasma insulin levels in two groups of normal men are shown in the top panel. Glucagon was infused in one group (e---e) (n = 3) and not in the other (O--9 (n = 4) producing the arterial glucagon levels seen in the second panel. Exogenous glucose was infused at a variable rate in both groups so as to achieve similar levels of hyperglycaemia (third panel). The effect of these perturbations on net splanchnic glucose balance is seen in the bottom panel. Bars represent SEM protocols, but with glucagon secretion suppressed in Protocol I and with the hormone replaced in Protocol II. In Protocol III, four subjects, serving as controls, received a 2 h saline (0.154 mol/1) infusion.
To measure estimated hepatic blood flow (EI-IBF) indocyanine green was administered as a constant intravenous infusion beginning 45--60 minutes prior to the 30 minute basal period. This [9] . For infusion, insulin, glucagon and somatostatin were mixed in 0.154 mol/l saline with human serum albumin (0.5 g human serum albumin/100ml). Human serum albumin was similarly added to the indocyanine green infusate to increase the stability of the latter. Cyclic somatostatin was provided by Dr. Jean Rivier, Salk Institute, La Jolla, Calif. [10] .
Plasma glucose was measured in a Beckman Glucose Analyzer (Beckman Instruments, Inc., Fullerton, Calif.). Plasma glucose was converted to whole blood glucose concentration [11] by the formula: whole blood glucose concentration = plasma glucose concentration (I-0.3 haematocrit)/100. Immunoreactive glucagon was assayed with the 30K antiserum of Agullar-Parada et al. [12] . Immunoreactive insulin was assayed by the Sephadex-bound (Pharmacia Fine Chemicals, Inc., Piscataway, N. J.) antibody procedure [13] . The plasma concentrations of indocyanine green were determined in a Beckman spectrophotometer at 810nm. Net splanchnic glucose production (NSGP) was calculated by multiplying the hepatic venous-arterial blood glucose difference by the estimated hepatic blood flow. Significance was determined by Student's t test where applicable [14] . Results are expressed as mean _+ SEM.
Results

Effect of Acute Hyperglycaemia on Net Splanchnic Glucose Production (NSGP) with Fixed Low Levels of Insulin and Hypoglucagonaemia
Four normal men received concomitant infusions of somatostatin, insulin (0.15 mU/kg/min) and glucose sufficient to raise plasma glucose levels to the range of 220-240 mg/dl (Figure 1) . The mean glucose infusion rate from 30-120 minutes was 3.57 _+ 0.36 rag/ kg/min. Arterial insulin levels were maintained in the range of 9-12 ~tU/ml while glucagon levels declined 44% from 132 + 21 to 74 _+ 15 pg/ml (Figure 1 ). Under these conditions NSGP fell from a basal rate of 143 _+ 31 to a mean rate of -72 + 39 mg/min and remained suppressed for the duration of the study ( Table 1) .
Effect of Acute Hyperglycaemia on Net Splanchnic Glucose Production with Fixed Low Levels of Insulin
Z and Basal Levels of Glucagon -,
An additional three normal men received concomiz tant infusions of somatostatin, insulin (0.15 mU/kg/ ~ rain), glucagon (1.5 ng/kg/min) and glucose suffi-3 cient to raise plasma glucose levels to the range of 220-240 mg/dl. The mean glucose infusion rate from z 30-120 minutes was 1.17 +_ 0.51 mg/kg/min which o < was significantly less than in the previous protocol ~ (p < 0.05). Arterial insulin levels were maintained in the range of 7-11 9U/ml while glucagon levels rose from 148 _+ 37 to 229 _+ 36 pg/ml at 15 minutes and ~, remained elevated for the remainder of the study (Figure 1 ). Under these conditions hyperglycaemia caused no significant change in NSGP (137 ___ 20 vs 151 + 60 rag/rain) ( Table 1) .
Effect of Saline on Net Splanchnic Glucose Production
In Protocol III four normal men received a saline infusion for 2 hours. The levels of insulin and glucagon, plasma glucose concentration and the rate of net splanchnic glucose production ( Figure 2 and Table 1 ) remained constant throughout the two hour study period. In 1975 Gerich et al. first reported that somatostatin administration in insulin-treated diabetics markedly improved glucose tolerance after ingestion of a mixed meal [1] . They attributed this phenomenon to the somatostatin-induced suppression of circulating glucagon and suggested that glucagon might play an important role in glucose disposal in the diabetic. This reasoning was consistent with Unger's original hypothesis that the decline in plasma glucagon seen during glucose ingestion could be important in reducing the opposition to insulin-induced hepatic glucose storage [15] . Wahren and Felig [2] demonstrated that somatostatin administration delayed or inhibited gastrointestinal glucose absorption and they hypothesized that the improved glucose tolerance seen after somatostatin administration in diabetic man was due to decreased glucose absorption. More recently, however, Raskin and Unger noted improved glycaemic control in diabetics receiving concomitant somatostatin and insulin therapy, which was reversed by two-thirds by an infusion of glucagon [3] .
If glucagon suppression does improve glucose tolerance in insulin-treated diabetics, by what Fig. 2 . The effect of saline on arterial plasma insulin, glucagon and glucose concentrations and net splanchnic glucose production in 4 normal men. Bars represent SEM mechanism does this occur? The present study was designed to examine the hypothesis that glucagon alters the ability of the liver to dispose of a glucose load. This was tested by creating in somatostatintreated, non-diabetic man the metabolic conditions frequently seen in insulin-dependent diabetics, namely hyperglycaemia, accompanied by low levels of insulin. In this setting we could then determine the effects of glucagon on the handling of a glucose load by the splanchnic bed. Our results indicate that under the conditions of the present study a difference in the peripheral plasma glucagon concentration of 154 pg/ ml (228 + 25 versus 71 + 15 pg/ml) changes the metabolic picture dramatically. When hyperglycaemia was induced in the presence of low levels of plasma insulin and with glucagon withdrawn, net splanchnic glucose production fell markedly and net splanchnic glucose uptake of 72 mg/min occurred. On the other hand, when the same metabolic condi-tions were achieved during replacement of glucagon (to mimic basal portal venous glucagon levels) net splanchnic glucose production continued unabated.
The effect on the liver of suppressing plasma glucagon can be examined in another way. In the protocol in which glucagon was withdrawn, 22.9 g of glucose were infused over the last 90 minutes of the study in order to maintain the predetermined level of hyperglycaemia. In contrast, in the glucagonreplaced subjects, only 7.8 g were needed over the same time span to maintain the same level of glycaemia. With the plasma levels of insulin and glucose being indistinguishable in the two groups, the amount of glucose infused to maintain the same level of glycaemia becomes a measure of glucose tolerance. Thus, when glucagon was withdrawn, the body was able to dispose of three times more net glucose than when glucagon was replaced. This remarkable difference in glucose tolerance was due to the change in net splanchnic glucose balance depicted in Figure 1 . These data thus suggest that when a glucose load is presented to the liver with insulin present but at low level, a situation not uncommon in diabetic man, the plasma glucagon level may determine whether the liver participates in net disposal of the glucose load or whether it continues to add additional net glucose to the circulation.
It should be noted here that the hepatic venous catheter technique measures only net release of glucose from the splanchnic bed and cannot differentiate between hepatic glucose output and uptake. It is possible that in the protocol in which glucagon was replaced de novo hepatic glucose production was stimulated, with simultaneous hyperglycaemiainduced hepatic glucose uptake also occurring, the net result of which was a virtually unchanged rate of net splanehnic glucose production ( Figure 1) . The classic enzymology studies of Hers [16] , however, indicate that almost total inactivation of hepatic phosphorylase is required before glycogen synthase can be activated. Thus, hyperglycaemic suppression of aceelerated hepatic glucose production rather than the concomitant occurrence of offsetting rates of glycogen synthesis and breakdown is the most likely explanation of the present data.
The results of the present study are supported by a similar study carried out in our laboratory in conscious dogs [17] . In that study withdrawal of glucagon with basal levels of insulin maintained in the face of hyperglycaemia resulted in marked hepatic glucose storage, which could be prevented by replacement of basal glucagon levels. In the dog study, the induction of hyperglycaemia with insulin and glucagon, both maintained in basal amounts, resulted in a 56% suppression of net hepatic glucose production, an effect of hyperglycaemia not seen in the present study when glucagon and insulin were both infused. While glucagon was replaced in the present study in amounts designed to mimic the basal portal venous glucagon concentrations, the plasma insulin levels were maintained at levels which would only achieve basal peripheral insulin concentrations, and which would consequently under-replace portal venous insulin concentrations by at least 50%. The apparent lack of a suppressive effect of hyperglycaemia on NSGP noted in the present experiments is most likely due, therefore, to offsetting effects of hyperglycaemia and hypoinsulinaemia at the level of the liver.
Other investigators have questioned the ability of glucagon to influence glucose disposal [2, 17, 18] . Intravenous glucose tolerance in insulin-withdrawn diabetic man was not influenced by somatostatininduced suppression of plasma glucagon [2] . It appears that a certain level of plasma insulin is required for glucagon suppression to produce a sustained fall in hepatic glucose production which fall is only transient if insulin is simultaneously suppressed [4] . Thus the failure of glucagon suppression to alter intravenous glucose tolerance [2] was most likely due to concomitant insulin deficiency in these insulinwithdrawn diabetics. The mechanism by which insulin allows glucagon withdrawal to have a salutary effect on plasma glucose control may relate to the ability of insulin to sensitize the liver to hyperglycaemia. While glucose has been shown in normal rats to have potent effects on both hepatic glycogen phosphorylase and synthase [19, 20] , Miller has recently reported that these enzymes were insensitive to glucose in insulin-withdrawn diabetic rats [21] . Insulin replacement for 2 h prior to study restored sensitivity to glucose.
While glucagon suppression during hyperglycaemia can affect glucose disposal when insulin is present in only small amounts, as seen in the present study, glucagon does not appear to affect glucose disposal when insulin is secreted normally in response to a glucose load. The induction of plasma glucagon levels of 350 pg/ml during oral glucose tolerance testing was without effect on the plasma glucose response [22] . Thus, in insulin-sensitive normal man the hyperinsulinaemia and hyperglycaemia which attend glucose ingestion combine to override any antagonistic effect physiologic levels of glucagon might have on the liver to block hepatic glucose storage. It would appear, therefore, that lowering plasma glucagon levels may only have beneficial effects in lowering plasma glucose levels if insulin is present, but in less than normal amounts, a condition frequently seen in insulin-treated diabetic man [23] . Recently, it has been suggested that the liver takes up more glucose when glucose is administered orally as compared to when given intravenously [24] . If this hypothesis proves correct, the role of glucagon demonstrated in the present paper in substantially altering the hepatic handling of an intravenous glucose load should be re-examined after oral glucose administration.
In conclusion, the present data support a substantial role for glucagon in determining the hepatic response to an intravenous glucose load when insulin is present in less than adequate amounts.
